Despite the advent of novel therapies and improvements in survival, multiple myeloma (MM) remains an incurable disease. Thus, new treatment strategies including immunotherapies are needed for MM patients with stable disease after induction chemotherapy as well as for disease control in patients with advanced disease. 
Introduction
Multiple myeloma (MM) is a hematologic malignancy characterized by the clonal proliferation of plasma cells with M-protein production. Novel agents have prolonged survival in MM patients, although the disease remains incurable in the majority. Thus, new strategies including immunotherapies are desirable for the treatment of refractory MM patients and to seek a cure. Anti-myeloma immunotherapies, i.e., allogeneic transplantation, immune checkpoint inhibitors, and dendritic cell (DC)-based vaccines, have been reported to have some effect in a very limited subset of patients. One of the reasons could be impaired tumor immunity in MM, since immune abnormalities not only of B cells, but also of other immune cells, i.e., natural killer (NK) cells, T cells, and DCs, have been reported in MM patients. Furthermore, immunosuppressive cells such as regulatory T cells (Tregs) and myeloid-derived suppressor cells (MDSCs) could be associated with disease progression. To prolong survival in MM patients and to cure the disease, it is crucial to elucidate the mechanisms of antitumor immune dysfunction and develop new immunotherapeutic strategies. This review highlights immune dysfunctions and immunotherapeutic treatments including immunomodulatory drug (IMiD)-combined monoclonal antibody treatment, chimeric antigen receptor (CAR) T-cell therapy, immune checkpoint inhibitors, and DC immunotherapy in MM patients.
Immune dysfunction in MM
The mechanism of progression from monoclonal gammopathy of undetermined significance (MGUS) to MM is due not to only genetic mutations in the plasma cells and alterations in the bone marrow (BM) microenvironment, but also to the loss of immune surveillance. Normal plasma cells are suppressed in myeloma patients, resulting in susceptibility to infections, especially pneumonia and urinary tract infections. In addition, cellular immunity is also impaired due to the negative effects produced by myeloma cells, i.e., transforming growth factor (TGF)-β, interleukin (IL)-10, IL-6, and prostaglandin E2, with profound dysfunction of various immune cells (Fig. 1) [1] .
The number and function of circulating NK cells, which constitute a key cellular subset of the innate immune system, are decreased and suppressed, respectively, in advanced MM patients. TGF-β, which is produced not only by myeloma cells, but also by CD4 + CD25 + Treg and BM stroma cells, induces phosphorylation of SMAD3, leading to suppression of CD16-mediated interferon (IFN)-γ production and antibody-dependent cellular cytotoxicity (ADCC) [2] . The expression levels of activating NK receptors, i.e., NKG2D and NKp30, on BM NK cells, 2B4 (CD244) on BM and PB NK cells, and DNAM-1 (CD226) on CD56 dim NK cells, which constitute 90% of the periphery and elicit potent cytotoxicity, are also downregulated in MM patients [3] , leading to impaired NK function. In myeloma patients, PD-1 expression is upregulated on NK cells, allowing PD-L1-expressing MM cells to inhibit the cytotoxicity of NK cells through the PD-L1-PD-1 pathway [4] .
Profound T-cell dysfunctions, i.e., decrease in the number of CD4 + T cells, increased T helper type 1 (Th1)/T helper type 2 (Th2) ratio, and impaired function of cytotoxic T lymphocytes (CTLs), occur in MM patients. Previous studies showed that expansion of T-cell clones was associated with improved survival in MM patients [5] . Supporting those results, CD8 + T-cell clones were found in all patients who survived for more than 10 years, but in approximately half of patients with less than 10-year follow-up [6] . A vigorous T-cell response to autologous premalignant cells is detected in patients with MGUS, but T cells in the BM from MM patients lack this tumor-specific rapid effector function, suggesting a possible role for the immune system in controlling the early growth of transformed cells [7] . In addition, in MM patients, galectin-9 (Gal-9) and a proliferation-induced ligand (APRIL) produced by osteoclasts inhibit antitumor T-cell responses through the Tim-3-Gal-9 pathway and PD-L1 upregulation by APRIL on myeloma cells [8] .
NK T (NKT) cells, which have both T-cell receptors and NK cell surface antigens, recognize glycolipids through CD1d. The CD1d-invariant NKT (iNKT) cell axis plays an important role in antitumor responses [9] , and iNKT cells were reported to develop defective IFN-γ production in progressive MM patients [10] . γδT cells, which are present in the same number in patients with MM and MGUS [11] , can proliferate independently of bisphosphonates in the presence of IL-2 and show cytotoxicity against myeloma cells. Their antimyeloma activity may be mediated by major histocompatibility complex class I-related chain molecule A (MICA). MICA expression levels on plasma cells are relatively lower in MM patients compared with those in MGUS patients. MICA may be released into serum along with disease progression and function as a ligand of the NKG2D receptor expressed on γδT, NK, and CD8 + T cells, leading to the suppression of antimyeloma immunity [12] .
DCs isolated from MM patients are functionally impaired, including the absence or decreased expression of co-stimulatory molecules that inhibit antigen-specific T-cell activation/proliferation, likely due to exposure to myeloma-derived cytokines such as TGF-β, IL-10, IL-6, and vascular endothelial growth factor (VEGF). The impaired maturation and functions of DCs as well as decrease in the number of both plasmacytoid and myeloid DCs lead to the inhibition of T-cell cytotoxicity against myeloma cells [11] . Furthermore, plasmacytoid DCs express high levels of PD-L1, resulting in T-cell inhibition.
Immunosuppressive cells, i.e., Tregs, regulatory B cells (Bregs), MDSCs, tumor-associated macrophages (TAMs), and mesenchymal stem cells (MSCs), could inhibit tumor immunity and be associated with disease progression in MM. The number of Tregs, which can inhibit the cytotoxicity of NK and CD8 + T cells, is increased in both patients with MM and those with solid tumors. TAMs, M2-like macrophages, are responsible for many tumorpromoting activities. Tumor-derived lactase upregulates VEGF expression through hypoxia-inducible factor 1α and induces M2-like macrophages. In MM patients, M2-like macrophages are dominant in the BM and suppress tumor immunity with tumor growth. MDSCs, a heterogeneous and immature myeloid cell population, have the ability to suppress both innate and adaptive immune responses and to promote tumor growth. The number of CD11b + CD14 -CD33 + MDSCs is increased in the peripheral blood and BM from MM patients and the accumulation of MDSCs in the early stages of MM is considered to play a critical role in disease progression [13] . In MM, BM MSCs exhibit abnormal expression of CD40/40L, VCAM1, ICAM-1, LFA-3, HO-1, HLA-DR, and HLA-ABC. When MM BM MSCs were co-cultured with T lymphocytes, the overproduction of IL-6 and an increased Th17/Treg ratio were observed compared with BM MSCs obtained from healthy donors [14] . Those findings demonstrate the altered immunomodulatory functions of MM BM MSCs, leading not only to reduced inhibition of T-cell proliferation, but also to a shift in the Th17/Treg balance, which may be involved in MM pathogenesis.
Immunotherapeutic treatments for MM patients

IMiD-intensified monoclonal antibody treatment
IMiDs have various immunomodulatory functions, i.e., the proliferation and functional enhancement of NK/NKT cells, enhancement of T-cell co-stimulation, increased Th1 cytokine production such as of IL-2 and IFN-γ, and ADCC enhancement (Fig. 2) . The main mechanism of IMiDs is the degradation of IKZF1(Ikalos)/IKZF3(Aiolos), which is a known repressor of the IL-2 gene promoter, leading to enhanced IL-2 production [15] . Thus, monoclonal antibody treatment combined with IMiDs is a reasonable strategy because of the effective ADCC enhancement by IMiDs.
The development of monoclonal antibodies targeting many molecules, such as signaling lymphocytic activation molecule family (SLAMF)7, CD38, CD56, CD138, IL-6 receptor, and VEGF receptor, is ongoing for the treatment of refractory MM. Elotuzumab, a humanized IgG1 kappa immunostimulatory monoclonal antibody targeting SLAMF7 (also referred to as CS1 or CD319), was the first approved monoclonal antibody treatment for MM. Elotuzumab exerts anti-MM efficacy via NK cell-mediated ADCC and augmented NK function. However, elotuzumab alone had no clinical effect in relapsed/refractory MM patients [16] , which may be due to NK impairment in those patients. A phase III trial (N = 321) comparing the efficacy and safety of lenalidomide and dexamethasone (Rd) with or without elotuzumab demonstrated an excellent effect in relapsed/refractory MM patients after one to three (median 2) prior lines of therapy with a very good partial response (VGPR) rate of 22% and overall response rate (ORR) of 78% [17] . MMSET, which is overexpressed in MM patients with t(4;14) (p16;q32), is an essential element of SLAMF7 promoter activation [18] . The efficacy of elotuzumab with Rd was reported to be more effective in those patients compared with other high-risk patients with del(17p) or t(14;16) [17] .
Daratumumab, a humanized IgG1 kappa monoclonal antibody targeting CD38, showed excellent effects in relapsed/refractory MM patients as monotherapy and as combination therapy with Rd or bortezomib/dexamethasone [19] [20] [21] . Daratumumab has unique mechanisms of action such as complement-dependent cytotoxicity, apoptosis after crosslinking, modulation of enzyme activation, and antibody-dependent cellular phagocytosis (ADCP) as well as ADCC [22] . Daratumumab monotherapy showed surprisingly high efficacy even in 146 heavily pretreated patients with a median of five prior regimens, with an ORR of 30% and median progression-free survival (PFS) of 4 months. The efficacy of daratumumab combined with Rd was also reported in 569 relapsed/refractory MM patients with one median (range 1-11) prior regimen, and they achieved an ORR of 93% including a high complete response (CR) rate of 43% [20] . Daratumumab augments antimyleoma T-cell immunity, i.e., CD8 + T-cell expansion and enhancement of IFN-γ production by inhibition of immunosuppressive cells such as Tregs, Bregs, and MDSCs, which may lead to a long response duration and deep response. IMiDs can enhance CD8 + T-cell proliferation and increase expression levels of CD38 on myeloma cells. However, CD38 expression is markedly decreased after daratumumab treatment, mediated by monocytes and granulocytes [23] . The mechanism of action of daratumumab remains unclear. Combination with another potent monoclonal antibody against CD38, i.e., isatuximab with Rd, was also reported to be effective in heavily pretreated MM patients.
Immune checkpoint inhibitors
The PD-1-PD-L1 pathway plays an important role in the pathophysiology of MM (Fig. 3) . PD-L1, which was first identified as B7 homologue-1 (B7-H1) [24] , is widely expressed on tumor cells and inhibits antitumor T-cell responses associated with poor prognosis [25] . PD-L1 expression levels were higher in plasma cells from MM patients compared with those in cells from MGUS patients and healthy volunteers, and its expression was often upregulated at relapse or in the refractory phase [26] . PD-L1 expression on MM cells is upregulated by the IL-6 signal cascade through STAT3, MEK1/2, and JAK2. IFN-γ, which is produced by CTLs and NK cells, is a strong inducer of PD-L1 expression [27] and can induce PD-L1 expression on MM cells through the MEK/ERK pathway [28] . Those data show that PD-L1 expression can be induced in the myeloma microenvironment. High expression of PD-L1 on plasma cells was associated with disease progression in patients with MGUS and asymptomatic MM [29] . In addition to myeloma cells, myeloid and plasmacytoid DCs express high levels of PD-L1 cells in the BM microenvironment [30] . Furthermore, PD-L1 expression levels were upregulated in minimal residual disease, suggesting that residual PD-L1 + myeloma cells can survive by immune escape from antitumor T-cell responses [31] . We reported that PD-L1 + myeloma cells were more proliferative and less susceptible to antimyeloma agents with higher expression of Ki-67 and BCL2 compared with PD-L1 − myeloma cells [26] . Interestingly, PD-1-bound PD-L1 delivered positive signals to myeloma cells through Akt phosphorylation, leading to drug resistance [32] . The soluble form of PD-L1, which may be produced through proteolytic cleavage of membrane-bound proteins from PD-L1-expressing tumor cells, was detected in some MM patients. High levels of soluble PD-L1 in serum were independent prognostic factors for poor PFS [33] . Those data suggest that soluble PD-L1 contributes to disease progression in myeloma patients via the immune checkpoint pathway. The PD-1 expression levels in the myeloma microenvironment were found to be significantly higher on CD8 + T and NK cells in BM from MM patients than on those from normal controls [34] . Furthermore, PD-1 expression was upregulated on CD4 + and CD8 + T cells in minimal residual disease and at relapse [31] . Those results indicate that the PD-1-PD-L1 pathway in the myeloma microenvironment may be involved in disease progression through immune escape, pointing toward potential treatment with the anti-PD-1 antibody nivolumab. Contrary to the expected efficacy, those with stable disease (SD) showed the best response rate of 63% among 27 patients with relapsed/refractory MM, which was maintained for a median of 11.4 weeks. The reason may be due to T-cell immune dysfunction in advanced MM. Only one patient achieved a CR after additional radiation therapy and retreatment with nivolumab for 2 months [35] , suggesting that the combination of radiotherapy and anti-PD-1/PD-L1 monoclonal antibody may be useful for patients with MM as well as lung cancer [36] . In a phase II clinical trial of the anti-PD1 monoclonal antibody pembrolizumab combined with pomalidomide and dexamethasome, the ORR was 60% (stringent CR/CR 8%, VGPR 19%, and partial response 33%) in 48 relapsed/refractory patients previously treated with two to five (median three) prior regimens including 73% of double-refractory patients [37] , indicating the excellent efficacy of this combination. However, clinical trials of anti-PD-1/PD-L1 antibody combined with IMiDs have recently been discontinued by the US Food and Drug Administration because of higher mortality in the treatment groups compared with that seen in controls. The cause of death remains unclear, but this combination may induce fatally excessive immune responses such as autoimmune cardiomyopathy. Further studies are needed to clarify the dose and timing of the immune checkpoint inhibitors for the best response with less toxicity.
CAR T-cell therapy for MM patients
CARs are artificial fusion proteins that consist of an antigen-recognized single-chain variable fragment (scFv) and transmembrane and intracellular domains. The T-cell intracellular signaling domain consists of CD3ζ coupled to co-stimulatory domains such as CD28 and/ or 4-1BB. CAR T cells are prepared from autologous T cells genetically modified to express CAR by lentivirus or retrovirus vector-mediated transfection. The difference in co-stimulatory domains results in different kinetics of CAR T-cell expansion following antigen stimulation; 4-1BBζ-containing CARs are associated with increased Fig. 3 PD-L1-PD-1 pathway in the myeloma microenvironment. PD-L1 expression levels on myeloma cells are upregulated by IL-6 and IFN-γ in the bone marrow microenvironment. PD-L1 + myeloma cells have more potential to proliferate and become resistant to antimyeloma agents compared with PD-L1 − cells. Furthermore, PD-L1 can deliver a reverse signal to tumor cells through Akt activation, leading to drug resistance. The soluble form of PD-L1 may contribute to escape from immune surveillance persistence and reduced exhaustion, whereas CD28-contining CARs display increased cytokine production and lasting persistence [38] . The desirable target antigens for CAR T-cell therapy would be highly expressed on tumor cells and absent on normal tissues. So far, several targets of CAR T-cell therapy for MM patients have been reported: CD19 [39] ; CD138 [40] ; B-cell maturation antigen (BCMA) [41] ; CD44 isoform variant 6 (CD44v6) [42] ; CD70; SLAMF7 [43] ; and Igκ [44] . Among them, the results of clinical trials using CAR T-cell therapies targeting CD19, CD138, κ light chain, and BCMA have been reported (Table 1) . Success with CAR T-cell therapy was observed with CD19-directed CAR in acute lymphocytic leukemia, chronic lymphocytic lymphoma, and B cell lymphoma, showing sustained remission in patients with advanced disease. Although primary myeloma cells have very low levels of CD19 expression, CD19-targeting CAR T-cell therapy was reported to induce sustained remission in heavily pretreated MM patients [39] . Recently, very impressive activity of BMCA-CAR T-cell therapy has been reported in refractory MM patients [41, 45] . BCMA is expressed in most cases of MM, and BCMA-targeted CAR T-cell therapy is very effective in refractory patients, with high ORRs. Hosen et al. reported that they had generated the monoclonal antibody MMG49 that specifically recognized a new myeloma-specific cell-surface antigen, activated conformation of integrin β 7 , and that MMG49-derived CAR T cells specifically recognized and killed MM cells in vitro and in vivo [46] . Activated integrin β 7 -targeted CAR T-cell therapy may thus be useful for the treatment of refractory MM patients. CAR T-cell therapies may also be promising for refractory MM patients. However, numerous problems in CAR T-cell therapy for MM patients must be resolved, i.e., choice of target antigen, control of adverse effects such as cytokine release syndrome, reduction of the enormous cost, etc. Thus, new CAR T-cell therapies are being developed. These include more effective constructs of CAR to prolong survival and increase cytokine production, insertion of a "safety switch" to inhibit excessive CAR T-cell proliferation using suicide genes, i.e., caspase-9, and the development of offthe-shelf T cells to reduce the cost. 
DC vaccines
In the past decade, clinical trials using DCs pulsed with tumor antigens have been performed. In 27 MM patients with stable disease after autologous stem cell transplantation in phase II clinical trials, vaccination with DCs pulsed with the patients' idiotype prolonged overall survival (OS), but not PFS, significantly when retrospectively compared with contemporaneous controls (median OS: 5.3 vs 3.4 years, p = 0.02) [47] . A unique approach to DC-based vaccines is the fusion of DCs with primary tumor cells, inducing immunological responses against the entire antigenic repertoire in each patient [48] . A phase II trial administering DC/myeloma fusion vaccine following autologous stem cell transplantation in 36 MM patients showed efficient tumor-specific CD4 + and CD8 + T-cell proliferation and achievement of CR/ near CR in 24% of patients with partial response after transplantation [49] . Vaccination with potent DCs loaded with dying myeloma cells showed disease-stabilizing activity in 66.7% of patients with a 77.8% immunological response in a phase I/IIa study in patients with relapsed or refractory MM [50] . It appears reasonable to combine anti-PD-1 antibody with fusion vaccine for MM patients with stable and minimal residual disease in the search for a curative myeloma treatment. A clinical trial using blockade of PD-1 in combination with the DC/myeloma vaccine following stem cell transplantation is ongoing (NCT01067287).
Summary and future directions
MM shows profound immune dysfunctions of NK cells, CTLs, and DCs with increased immunosuppressive cells, leading to immune evasion. Monoclonal antibodies such as daratumumab combined with IMiDs, i.e., lenalidomide or pomalidomide, will likely become standard treatment for relapsed and refractory MM patients in the early stage. Furthermore, immunotherapeutic combinations such as immune checkpoint inhibitors combined with DC vaccine may be a promising treatment with improved ORR and prognosis. Those immunotherapies have the potential to cure MM in patients with no or a low level of minimal residual disease.
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